Aims/hypothesis We have previously found that the mass of perivascular adipose tissue (PVAT) correlates negatively with insulin sensitivity and post-ischaemic increase in blood flow. To understand how PVAT communicates with vascular vessels, interactions between perivascular, subcutaneous and visceral fat cells with endothelial cells (ECs) were examined with regard to inflammatory, metabolic and angiogenic proteins. To test for possible in vivo relevance of these findings, circulating levels of the predominant secretion product, hepatocyte growth factor (HGF), was measured in individuals carefully phenotyped for fat distribution patterns.
expression profiles from monocultures, and mature adipocytes differed from pre-adipocytes. HGF was preferentially released by PVAT cells and stimulated EC growth and smooth muscle cell cytokine release. Finally, in 95 patients, only PVAT, not visceral or subcutaneous mass, correlated independently with serum HGF levels (p00.03; r00.225). Conclusions Perivascular (pre-)adipocytes differ substantially from other fat cells with regard to mRNA expression and protein production of angiogenic factors. This may contribute to fat tissue growth and atherosclerotic plaque complications. Higher levels of angiogenic factors, such as HGF, in patients with increased perivascular fat mass may have pathological relevance. 
Introduction
Hypertension and insulin resistance of the skeletal muscle, liver and blood vessels are associated with obesity [1, 2] . The latter association is dependent on the localisation and endocrine activity of the different fat tissues of the body. Mainly ectopic fat stores such as liver fat, but also visceral adipose tissue (VAT), show a significant association with whole-body insulin sensitivity [3] . However, adipose tissue is also an endocrine organ that secretes adipokines, which interact with the insulin signalling pathway [4, 5] . Furthermore, inflammatory cytokines and angiogenic growth factors are released, influencing arterial endothelial function, smooth muscle cell (SMC) growth and atherosclerosis [6, 7] . Almost all arteries are encircled by notable amounts of perivascular adipose tissue (PVAT) [8] . It is present around all conduit arteries and in some microvascular beds, such as that of the mesentery [9] . There is evidence that the vascular adventitia, and predominantly perivascular fat, regulate endothelium-dependent vasodilatation and vascular tone, vessel wall thickness, angiogenesis and inflammation [10] . Previously, our group examined whether perivascular fat around the brachial artery influences NO signalling, reflected in flow-mediated dilation, or insulin sensitivity in humans. We found a close relationship between PVAT mass and insulin sensitivity [11] . Thus PVAT represents a novel and important fat compartment for the regulation of insulin sensitivity and vascular function independently of other fat compartments [12] [13] [14] [15] [16] [17] .
To understand how PVAT communicates with the vascular vessel wall and influences pathological processes, the study of interactions between adipocytes and endothelial cells (ECs) may provide important information. In embryogenesis, the development of adipose tissue is associated with vasculogenesis [18] . Interestingly, the appearance of adipose tissue occurs predominantly in well-vascularised regions [19] . Thus adipocyte-endothelial crosstalk is a main feature in adipose tissue and arterial vessel genesis. Anatomically, perivascular adipocytes are in close contact with arterial vessel wall cells and not separated by lamina [8, 20] . There is even evidence that adipocytes infiltrate the outer regions of the adventitia [20] . Thus PVAT communicates with the arterial vessel wall by mediators secreted from adjacent adipocytes [9, 10] . On the other hand, the adventitia of the vessel wall and perivascular tissue is interspersed with the vasa vasorum, which increases during vascular inflammation and injury [21] . In advanced plaques, a network of capillaries is formed by neovascularisation; they arise from the adventitial vasa vasorum and extend into the intimal layer of atherosclerotic lesions. They are proposed to be important regulators of plaque growth and lesion instability leading to acute coronary symptoms in patients [22] . It is already known that perivascular adipocytes contribute to the regulation of vascular tone and vascular remodelling [23] . However, limited data are available on interactions of PVAT with the arterial vessel wall in comparison with other fat tissues, especially with regard to the release of angiogenic factors [17, 24] .
Methods

Cell isolation, differentiation and cultivation
Human pre-adipocytes were isolated from abdominal subcutaneous and visceral fat biopsy samples from five patients. In addition, perivascular fat biopsy samples were taken at the radial artery of seven patients. Arm arteries were used since the effects of our previous in vivo study were shown at the brachial artery [11] . The donors underwent abdominal, hand or coronary bypass surgery for clinical purposes; they gave informed written consent to the study. The age of the donors was between 56 and 67 years. The arteries used for EC isolation did not show any atherosclerotic changes.
The procedures were approved by the ethics committee of the University of Tübingen. Isolation, differentiation and cultivation of pre-adipocytes were performed as previously described [25, 26] . The purity of primary cultures or potential contamination with ECs and monocytes/macrophages was determined by FACS analysis using specific antibodies (electronic supplementary material [ESM] Methods). Human arterial ECs were isolated from radial artery specimens, from heart patients, that had been discarded after bypass surgery, as described previously [27] . Potential contamination with SMCs or fibroblasts was tested by FACS analysis (ESM Methods) and double immunostaining using specific antibodies against von Willebrand factor and smooth muscle α-actin, as described previously [27] .
Transwell coculture system
Coculture experiments (ESM Methods) were performed in six-well dishes with polycarbonate membrane inserts (pore size 3.0, polycarbonate membrane, 24 mm insert; Corning, VWR International GmbH, Darmstadt, Germany).
Oil red staining and microscopy Cellular lipid accumulation characteristic of mature, differentiated adipocytes was confirmed by oil red staining, as described previously [27] . Lipids stained red, and nuclei stained blue. The distribution and amounts of intracellular lipids were analysed with a light microscope.
Cell growth assays
ECs were seeded onto microtitre plates at a density of 5×10 3 cells/cm 2 . After attachment, medium was renewed, and hepatocyte growth factor (HGF) (1.0, 5.0 and 10 ng/ml) or supernatant fraction collected from pre-adipocytes was added. In a second experiment, HGF small interfering RNA (siRNA) (a pool of three target-specific 19-25-nucleotide siRNAs) or control siRNA (scrambled sequence) was added to pre-adipocytes to knockdown HGF RNA expression (HGFα/β siRNA and control siRNA; Santa Cruz Biotechnology, Heidelberg, Germany). In addition, perivascular cell cultures were treated with an HGF-neutralising antibody (monoclonal mouse IgG1; R&D Systems, Wiesbaden-Nordenstadt, Germany) in two different doses (0.1 and 0.5 μg/ml). Finally, ECs were cultivated with the addition of these pretreated supernatant fractions. After 48 h, WST-1 tests (Roche Applied Science, Mannheim, Germany) were performed to measure the mitochondrial activity as an indicator of cell viability and cell proliferation.
Multiplex analysis
xMAP technology based on the Luminex platform (Luminex Corporation, Austin, TX, USA) was used. Three different panels were performed for the simultaneous detection of a great variety of angiogenic factors, cytokines and metabolic factors (ESM Methods).
Enzyme-linked immunosorbent assay HGF concentrations were measured by sandwich enzyme immunoassays according to the manufacturer's recommendations (R&D Systems). In addition, Human IL-6 ELISA MAX Deluxe and Human IL-8 ELISA MAX Deluxe (BioLegend Europe BV, Uithoorn, the Netherlands) were performed according to the manufacturer's instructions.
Microarrays
For the parallel determination of the relative levels of a large panel of human angiogenesis-related proteins, Proteome Profiler Human Angiogenesis Antibody Arrays (R&D Systems) were performed (ESM Methods) according to the manufacturer's instructions.
Real-time PCR analysis
A real-time PCR analysis was used to quantify the transcripts of the angiogenic and inflammatory proteins of interest (ESM Methods). An mRNA screening experiment on a variety of adipogenic markers was also performed using the RealTime Ready system (Roche; ESM Methods).
Patient study
To study serum HGF release in humans, a total of 95 participants were studied (59 female, 36 male; median age 47 years, Table 1 ). HGF was measured in serum samples by sandwich enzyme immunoassay. The examinations were performed in individuals from the Tübingen Lifestyle Intervention Program (TULIP) Study [28] . In brief, individuals at increased risk of developing type 2 diabetes were metabolically screened, and indicators of early atherosclerosis were determined. The individuals had one or more of the following diabetes risk factors: being overweight (BMI >27 kg/m 2 ), being a first-degree relative of a patient with type 2 diabetes, or having impaired glucose tolerance. Details have been published previously [11] . Informed written consent was given by each participant. The study was approved by the ethics committee of the University of Tübingen, Germany.
MRI examinations
All MRI examinations were performed in the early morning after overnight fasting on a 1.5 T whole-body imager (Magnetom Sonata; Siemens Medical Solutions, Munich, Germany) (ESM Methods).
Presentation of data and statistics
The in vitro data are expressed as mean±SEM. Unpaired twotailed Student's t test or one-way ANOVA (post hoc test: Bonferroni's multiple comparison test) was used to determine statistical significance. All statistical analyses were performed using Prism (GraphPad, La Jolla, CA, USA), considering a p value of less than 0.05 as significant. Corresponding significance levels are indicated in the figures.
For statistical analysis of patient data, data are provided as mean±SD when values are distributed normally, and as median (range) when not normally distributed. Non-normally distributed variables were log-transformed to achieve normal distribution. Stepwise regression analysis was performed to check for determining factors of serum HGF levels. A p value of less than 0.05 was considered to be significant. The analyses were conducted using the JMP statistical software package 4.0.4 (SAS Institute, Cary, NC, USA).
Results
Morphological features of perivascular adipocytes
Sufficient EC isolation was possible in 70% of vessel preparations. Immunostaining (ESM Fig. 1 ) and FACS analysis demonstrated the purity of the EC cultures used for the experiments. Sufficient pre-adipocytes could be isolated from each specimen of PVAT, VAT and subcutaneous adipose tissue (SCAT). FACS analysis ( Fig. 1e-h ) and immunostaining showed that primary cultures from each cell isolation were not significantly contaminated with other cell types, except one culture containing some ECs, which was discarded. In culture, perivascular (Fig. 1a) and subcutaneous pre-adipocytes showed a spindle shape with cytoplasmic protrusions and cluster formation. When exposed to differentiation medium, both adipocyte types exhibited intense accumulation of cytoplasmic lipids. The cytoplasm of most cells was densely packed with lipids, as detected by oil red staining (Fig. 1b, d ). In contrast, the cell shape of visceral adipocytes was more flat, and islets of lipid-filled cell clusters were observed by 14 days (Fig. 1c) . Thus preadipocytes isolated from PVAT exhibited a comparable or even better capacity to differentiate into mature adipocytes than subcutaneous pre-adipocytes, but differed morphologically from visceral adipocytes. Pre-adipocyte cultures from seven independent patients showed that >90% of cells differentiated into adipocytes. The degree of differentiation of subcutaneous pre-adipocytes was >80%. However, visceral pre-adipocytes were different because only about 30-60% differentiated.
Fat-depot-specific differences in protein release by pre-adipocytes and differentiated adipocytes Furthermore, pre-adipocytes differed from adipocytes. Significantly higher levels of basic fibroblast growth factor (bFGF) and MCP-1 were detected in supernatant fractions of all three fat cell types after differentiation. IL-6 levels were only higher in visceral adipocytes, leptin in perivascular adipocytes, and IL-1 receptor antagonist in both perivascular and subcutaneous adipocytes after differentiation. In contrast, in subcutaneous adipocytes, IL-6 and granulocyte colonystimulating factor (G-CSF) levels were lower after differentiation (Fig. 2) .
Angiogenic factors Next, depot-dependent differences in the expression and release of angiogenic proteins were analysed. Indeed, all three pre-adipocyte tissue types showed different protein secretion profiles (Fig. 3) . In supernatant fractions of perivascular pre-adipocytes, significantly higher levels of HGF, acidic FGF (aFGF), thrombospondin-1 (TSP-1), serpin-E1, MCP-1 and insulin-like growth factorbinding protein (IGFBP)-3 were detected compared with visceral pre-adipocytes (Fig. 3) . In contrast, visceral preadipocytes secreted higher levels of IL-8. IGFBP-2 levels were lowest in subcutaneous preadipocytes compared with the others (Fig. 3c-j) . Matrix metalloproteinase-9 (MMP-9) and endothelin-1 levels showed no differences between the different cell types.
To provide further support for the hypothesis that differentiation to mature adipocytes may also alter the release of angiogenic factors, pre-adipocytes were compared with adipocytes again. Among all tested proteins, secretion of HGF, IGFBP-1, IL-8, MMP-9 and TSP-1 was significantly lower Fig. 3 a,b Representative proteome array membrane to detect up to 55 angiogenic candidates. Pre-adipocytes isolated from different fat depots were seeded on six-well plates at a density of 5×10 4 cells/well and cultivated for 3 days. Primary human arterial endothelial cells were seeded on the upper side of gelatine-coated transwell inserts at a density of 5×10 4 cells/well and also cultivated for 3 days. After confluence had been reached, filter membranes covered with endothelial cells were inserted into the six-well plates containing confluent preadipocytes or adipocytes on the bottom of the culture dish. Both cell types were cultivated on their own as well as in cocultures for 24 h. Then, conditioned medium from each compartment was collected separately and examined for protein production using the angiogenesis array membranes, as described in the Methods. Relevant amounts of a variety of angiogenic factors could be detected in conditioned medium of perivascular, visceral and subcutaneous pre-adipocytes (a) and differentiated adipocytes (b). The angiogenic factors detected were: 1, HGF; 2, IGFBP-2; 3, IGFBP-3; 4, aFGF; 5, MCP-1; 6, pentraxin-3; 7, serpin-E1; 8, VEGF; 9, IGFBP-1; 10, IGFBP-2; 11, IGFBP-3; 12, IL-8; 13, MCP-1; 14, serpin-F1; 15, TIMP-4; 16, TSP-1. c-j Quantification of protein production in supernatant fractions of fat cells: developed x-ray films were quantified by scanning the film on a transmission-mode scanner, and absorbance measurements were obtained using the image analysis software. Perivascular pre-adipocytes (black bars) were compared with subcutaneous pre-adipocytes (white bars) and visceral preadipocytes (grey bars). Values are mean±SEM from three different donors. *p<0.05 for perivascular cells compared with visceral and subcutaneous pre-adipocytes and †p < 0.05 for monocultures versus cocultures after differentiation. In contrast, levels of serpin-E1, serpin-F1 and pentraxin-3 increased after differentiation, whereas tissue inhibitor of metalloproteinase (TIMP)-1 was not changed (Fig. 4) .
Since HGF is known to be a very potent angiogenic factor, differences in HGF secretion by all three cell types were studied in detail. HGF release was significantly higher in perivascular pre-adipocytes than in the others. Mature perivascular adipocytes also showed higher levels than visceral and subcutaneous adipocytes. However, in general, HGF concentrations were significantly lower in differentiated adipocytes than in pre-adipocytes (Fig. 5) .
To underline the protein data, mRNA expression profiles were examined (Table 2 ). HGF mRNA expression was highest in both perivascular pre-adipocytes and mature adipocytes. In addition, MCP-1 (also known as CCL2), IGFBP3 and VEGF mRNA expression were higher in perivascular pre-adipocytes throughout the cultivation period of 72 h than in both of the other cell types. In addition, IL6 and bFGF (also known as FGF2) mRNA showed the highest expression in perivascular cells after only 1 h of cultivation, but decreased thereafter. In contrast, IL8 and TSP1 mRNA expression was highest in visceral pre-adipocytes. The mRNA expression of these proteins was lower in subcutaneous pre-adipocytes. Thus the mRNA data confirm the protein array results and provide proof that perivascular cells express a significantly higher amount of angiogenic proteins.
In a further experimental setting, the mRNA expression of seven adipogenic marker proteins was analysed with the RealTime Ready system in both pre-adipocytes (Table 3) and differentiated adipocytes (ESM Table 1 ). The highest mRNA expression was found for serpin-1 and visfatin. In pre-adipocytes, adiponectin, leptin and resistin, and low expression of fetuin A and apelin, could also be detected in all three fat cell types, but without any significant difference. After differentiation to adipocytes, mRNA expression of all adipogenic proteins decreased markedly (ESM Table 1 ). Interestingly, ECs showed very high mRNA expression of apelin and visfatin.
Influence of cocultured ECs on fat cells
Protein array data in Fig. 3 indicate that the release of some proteins was altered after cocultivation with ECs, e.g. IL-8 and aFGF, whereas others remained unchanged, e.g. HGF and serpin-E1. Thus further analysis of the Luminex data was performed, which demonstrated that the levels of G-CSF and MCP-1 increased significantly in all three fat cell types under the influence of ECs, whereas IL-6 was only higher in subcutaneous cells. In contrast, VEGF levels decreased significantly. The concentrations of leptin and bFGF were not influenced at all (Fig. 6) .
Then potential regulation of mRNA expression and protein production as a result of the time-dependent cocultivation was examined for some angiogenic proteins. HGF concentration in supernatant fractions of perivascular cells increased during cultivation, but without any differences between mono-and co-cultures. In contrast, HGF secretion by ECs increased significantly during cocultivation with perivascular cells up to 72 h (Fig. 7a) . These data were confirmed at the mRNA level. HGF mRNA was expressed constitutively in perivascular cells throughout the 72 h cocultivation period, but cocultivation induced significant upregulation of HGF mRNA expression in ECs (Fig. 7b, c) . Furthermore, bFGF (Δ/ΔC t 3.21±1.02 after 72 h vs 1.07± 0.35 after 1 h, n05, p<0.05), IL6 (Δ/ΔC t 9.38±6.07 vs Table 2 ).
Angiogenic effects of HGF on human vascular ECs
To verify the effects of the potent angiogenic factor HGF, increasing doses of pure human HGF protein or supernatant fractions of perivascular pre-adipocytes were added to human arterial EC cultures. The WST assay showed that pure HGF stimulated EC growth dose-dependently with a maximum at a concentration of 10 ng/ml (Fig. 8a) . This corresponds to the maximum concentrations (5-15 ng/ml) measured in conditioned medium of pre-adipocytes by ELISA. Furthermore, growth stimulation induced by HGFcontaining supernatant fractions of perivascular cells was reduced significantly by preincubating perivascular cell cultures with the specific HGF siRNA (Fig. 8b) . In another independent approach, the stimulatory effect of supernatant fractions from perivascular cells was also reduced significantly and dose-dependently after neutralisation of HGF with an antibody (Fig. 8c) .
Effects of perivascular HGF on atherosclerosis-related cells
We investigated further if HGF may influence vascular cells and consequently atherosclerosis. Protein release by human arterial smooth muscle was studied after 24 h of treatment with 10 ng/ml HGF. HGF induced the release of several cytokines, predominantly IL-6, but also IL-8, MCP-1 and the growth factor VEGF, compared with control cells without HGF. These array data were extended by a specific mRNAs were isolated from ECs and perivascular, visceral and subcutaneous pre-adipocytes. mRNA analysis was performed using the RealTime Ready System as described in ESM Methods. Values (ΔC t ) represent gene expression of each protein relative to the RPS13 housekeeping gene product (ribosomal protein S13) as an endogenous reference ELISA, which showed comparable results. Significant stimulation of HGF-induced cytokine secretion was found for IL-6 (37.16 ± 6.27%, p < 0.05) and IL-8 (90.2±52.7%, p<0.05), which was an additional stimulation of protein release compared with unstimulated controls (100±12.3%).
Serum HGF levels and body fat distribution
We used MRI-based quantification of different fat compartments to determine the source of HGF in vivo. We have applied this method previously for other secretion products (e.g. RBP4) to judge the origin of the product [29] . Therefore HGF levels in 95 individuals were measured (Table 1) , and the tissue mass of different fat compartments was determined by MRI. In a multivariate model adjusted for age and sex, only PVAT mass correlated independently with serum HGF levels (p00.03; r00.225), and VAT and SCAT did not show any significant association, although we observed a tendency for subcutaneous fat to do so (p00.07). In a second step, we performed a stepwise regression analysis with age, sex, perivascular, visceral and subcutaneous fat, and serum HGF levels as dependent variables. Here, only age and PVAT mass significantly influenced serum HGF levels (Table 4) .
Discussion
The in vitro data of this study demonstrate that perivascular (pre-)adipocytes differ substantially from subcutaneous and visceral (pre-)adipocytes with regard to mRNA expression and protein production of inflammatory, metabolic and angiogenic proteins. To our knowledge, we are the first to show that perivascular fat cells in vitro and in vivo have a much higher capacity to secrete angiogenic factors, predominantly HGF, than other fat cell types. Furthermore, cocultures showed that arterial ECs influence the secretory behaviour of pre-adipocytes and mature adipocytes. Finally, our in vivo study suggests enhanced secretion of angiogenic factors, such as HGF, in patients with a greater perivascular fat mass, which may be of pathophysiological relevance.
Not only in fetal development but also in adults, adipose tissue grows and expands continuously, which is supported by an extensive capillary network [30] . It is well known that In perivascular preadipocytes, HGF mRNA was expressed constitutively throughout the 72 h cocultivation period without any differences between mono-and co-cultures. c In ECs, HGF mRNA was upregulated by the cocultivation with perivascular pre-adipocytes and with increasing cocultivation time (*p<0.05 mRNA expression after 72 h versus 1 h). The relative gene expressions (cocultures versus monocultures) were calculated using cycle threshold (C t ) values in accordance with the Δ/ΔC t method angiogenesis and adipogenesis interfere with and influence each other [31] . Highly vascularised tissue secretes many cytokines, chemokines, hormones and angiogenic factors. Thus the interplay between (pre-)adipocytes and capillary or microvascular ECs is well studied [32] [33] [34] [35] .
Early experiments performed with (pre-)adipocyte and EC cultures indicate that blood vessel development may influence adipose tissue growth [36, 37] . However, there is limited knowledge about how adipose tissue also regulates the (patho)physiology of larger arterial vessels and may influence the pathogenesis of atherosclerosis. The exclusive role of PVAT with respect to its preferential location and secretory potential is not clear. Furthermore, the diversity of data from our and other studies [8, 20] on the morphology, size and classification of perivascular fat cells with regard to their similarity to brown or white adipose tissue indicates that perivascular fat cells from different blood vessels may be inhomogeneous and differ in function. Whereas Chatterjee et al. [20] reported that perivascular adipocytes isolated from fat around coronary arteries are irregularly shaped, smaller in size and less lipid-filled than subcutaneous and visceral adipocytes in vitro, we found that perivascular cells from radial arteries are larger and filled with lipid droplets. Furthermore, a study comparing adipokines expressed by periaortic and epicardial adipose tissue in post-mortem samples indicated that coronary PVAT seems to be more metabolically active than epicardial adipose tissue [38] . We showed that the amount and pattern of proteins secreted by perivascular fat cells differ from visceral and subcutaneous fat cells.
Furthermore, our coculture model enables the communication of fat cells with arterial vessel cells via the secretion of hormones, growth factors and cyokines. However, these cells are not simply mixed but separated by a porous membrane. Thus mRNA expression and protein production could be studied separately for each cell type after cocultivation. The interplay of perivascular cells with ECs in vivo may also cause altered release of growth factors, cytokines and adipokines, which may be critically related to EC and SMC dysfunction, vascular inflammation, angiogenesis and the development of atherosclerosis.
EC activation and angiogenesis may be important processes because intraplaque neovascularisation contributes to the progression of atherosclerosis and induces changes in SMC function [39] . Vulnerable atherosclerotic plaques prone to rupture show increased vasa vasorum and intraplaque haemorrhaging. We have provided proof that perivascular pre-adipocytes express significantly higher levels of angiogenic proteins than visceral and subcutaneous preadipocytes. Thus the location of perivascular fat cells near blood vessels and their higher angiogenic potential underscore the hypothesis that this specific fat depot influences the arterial vessel wall (patho)physiology and contributes to important features of atherosclerosis, such as plaque growth, vulnerability and differentiation.
HGF plays a special role because it is both a very potent angiogenic growth factor and a cytokine involved in haematopoiesis and vasculogenesis [40] [41] [42] . HGF is in part attributable to excess adipose tissue, and circulating levels of HGF are raised in obese patients, and this correlates linearly with BMI [43] . Finally, HGF can directly contribute to the progression of atherosclerosis by plaque neovascularisation [44, 45] . However, the main source of raised serum HGF levels in obese patients is not known. Our study provides evidence that perivascular fat cells express significantly higher levels of HGF than subcutaneous and visceral fat cells. HGF stimulated EC growth dose-dependently. These results and the blocking experiments imply that HGF may, at least in part, be responsible for the growth-stimulatory effects of proteins secreted by perivascular fat cells. Interestingly, functional changes in SMCs were also induced. Secretion of the proinflammatory proteins, IL-6 and IL-8, was significantly stimulated after treatment of SMCs with HGF. Vascular SMC phenotypic modulation plays a key role in atherosclerosis and is characterised by a switch from a 'contractile' phenotype to a 'synthetic' phenotype. SMCs change into a 'proinflammatory' phenotype, secreting interleukins, which stimulate monocyte and macrophage adhesion and other processes during atherosclerosis [46] . Thus we have provided some evidence that perivascular fat cells alter the growth and function of vascular cells and may be involved in processes supporting atherosclerosis.
To prove whether our basic findings also correlate with an angiogenic secretion profile of perivascular fat in vivo, we tested whether HGF is mainly expressed in PVAT cells of humans and released into the serum. We studied serum HGF levels in patients with low and high amounts of PVAT, VAT and SCAT. Ninety-five individuals underwent whole-body MRI to measure fat distribution. In our univariate analysis, PVAT was the only fat compartment that correlated with serum HGF levels. In a stepwise regression analysis including PVAT, VAT, SCAT, age and sex, only age and PVAT were found to be determining factors for serum HGF levels. This finding underlines the notion that PVAT may be the main fat compartment for HGF expression in humans.
This study extends our earlier work showing that the mass of PVAT correlated significantly with insulin sensitivity and the post-ischaemic increase in blood flow, and also with inflammation as reflected by high sensitive CRP [11] . Thus the mass of PVAT is not merely an epiphenomenon of adiposity. Furthermore, determination of adipose tissue around the thoracic aorta in the Framingham Heart Study population showed a significant correlation of this fat compartment with BMI, visceral obesity, hypertension and diabetes. In addition, perivascular fat was found to be associated with coronary calcifications [47] . Finally, in a segment analysis study, the amount of pericoronary fat was associated with plaque burden characteristic of advanced coronary atherosclerosis [14] . Together, these studies indicate clearly that the amount and function of perivascular fat is closely associated with the most prominent risk factors leading to cardiovascular diseases.
In conclusion, our data provide new insights into the special nature of perivascular fat cells. Both perivascular pre-adipocytes and mature adipocytes exhibit a different expression profile and amount of angiogenic, growth stimulatory, inflammatory and metabolic factors compared with cells from other fat stores. PVAT represents a specialised, functionally very active fat tissue, which may contribute in excess, e.g. in patients with diabetes and obesity, to arterial vessel wall diseases. Further clinical studies may underline the importance of perivascular tissue in obesity, diabetes and cardiovascular complications.
